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ABSTRACT
We compute the evolution of dust in galaxy clusters by integrating over luminosity
functions the dust abundances obtained via chemical evolution models. We differenti-
ate contributions from three galactic morphologies: elliptical, spiral, and dwarf irregu-
lar. We implement comprehensive dust evolution models that predict the total amount
of dust produced and ejected into the intracluster medium by galaxies. We then in-
tegrate the galactic dust over luminosity functions in order to obtain the total dust
mass in a given cluster. In addition to considering stellar dust production, accretion
and destruction by supernova shocks in the interstellar medium of galaxies, we apply
thermal sputtering to the intracluster dust. The model results are compared to low-
to-intermediate redshift dust observations. Early-type galaxies, which are the most
abundant galaxies in clusters, contribute negligibly to the present-time intracluster
dust. On the other hand, we predict that dust masses – both the bulk of spatially-
unresolved dust and of the dust ejected into the intracluster medium – originate from
late-type galaxies. We predict a total dust content in galaxy clusters is between 10−6
and 10−4 of the total gas mass, depending on whether the galactic component is ex-
cluded or not. This result is consistent with statistics from higher redshift clusters.
Furthermore, if we allow for Type Ia supernova dust production within early-type
galaxies, we find that even in the extreme dust production case, the contribution to
dust from early-type galaxies would still be a negligible fraction of the intracluster
dust mass.
Key words: galaxies: early-type and lenticular, cD – galaxies: clusters: intracluster
medium – galaxies: evolution – ISM: abundances – (ISM:) dust, extinction – methods:
analytical
1 INTRODUCTION
Even at low abundances, the effects of dust can be sub-
stantial, both in terms of observations and evolution of as-
trophysical systems. It is estimated that about 50% of all
the starlight emitted across cosmic history has been re-
processed by dust (Hauser & Dwek 2001). Arguably, the
ubiquitous presence of dust makes it a necessary ingredi-
ent for the correct interpretation of any observation (e.g.,
Calzetti 2001), particularly from the UV and optical to the
far-infrared (FIR). Dust depletes the interstellar medium of
galaxies (ISM) of about half of its gaseous metals, many
? E-mail: gjergo@oats.inaf.it
metals which (e.g., C, O, Fe) are important coolants. This
phenomenon hinders gas cooling, and consequently star for-
mation (SF). Moreover, dust actively heats up the gas via
photoelectric emission of interstellar grains (Draine 1978),
further obstructing SF. On the other hand, dust serves as
a catalyst for the formation of some of the most important
cooling molecules, especially H2 (Gould & Salpeter 1963).
Despite many open issues (Jones 2013), properties regard-
ing composition and distribution of galactic dust are gener-
ally well understood (for a review, see Galliano et al. 2018).
However, much less is known regarding the abundance and
distribution of dust in the diffuse intracluster medium (ICM)
of galaxy clusters.
In hot (T > 107K) media, dust is the most efficient cool-
© 2019 The Authors
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Gal. Clus. Obs. Paper(1) DtG(2) rcenter z range / cluster
(3) Wavelength (instrument)(4) Method(5)
GLC17 < 9.5 × 10−6 1-5’ 0.06 < z < 0.7 250, 350, 500 µm (Herschel) Stacked em. + Bkg. ext.
PlanckXLIII-16 (1.93 ± 0.92)10−4 15’ 0.01 < z < 1. 850-60 µm (IRAS/Planck) Stacked emission (full)
GLC14 . 8 × 10−5 3 Mpc 0.05 < z < 0.68 g-r-i (SDSS-DR9) Bkgd. extinction
GLC14 . 2 × 10−5 3 Mpc 0.05 < z < 0.68 g-r-i (SDSS-DR9) Inferred FIR emission
McGee & Balogh (2010) ∼ 3 × 10−4 . 43 Mpc 0.1 < z < 0.2 g-r-i-z/12-100 µm (SDSS/IRAS) Bkgd. extinction
Roncarelli et al. (2010) . 5 × 10−5 < 12’ 0.1 < z < 0.3 u-g-r-i-z (SDSS-maxBCG) SED-reconstruction
Kitayama et al. (2009) < 10−5 0.1 Mpc (Coma cluster) 24, 70, 160 µm (Spitzer) MIR/FIR emission
Giard et al. (2008) . 10−5 10’ 0.01 < z < 1 12-100µm/0.1-2.4keV (IRAS/RASS) Stacked emission (full)
Muller et al. (2008) . 2 × 10−4 1.5 Mpc z < 0.5 650, 910 µm (CFHT) Bkgd. extinction
Chelouche et al. (2007) < 5 × 10−4 ∼ 1 Mpc 0.1 < z < 0.3 u-g-r-i-z (SDSS) Bkgd. extinction.
Stickel et al. (2002) ∼ 10−6 0.2 Mpc (Coma cluster+) 120, 185 µm (ISO) I120/I180
Stickel et al. (1998) (1.66 ± 1.53)10−4 0.2 Mpc (Coma Cluster) 120, 180 µm (ISO) I120/I185
Table 1. For various observational papers of galaxy clusters (the aliases GLC14; GLC17; PlanckXLIII-16 mean Gutie´rrez & Lo´pez-
Corredoira (2014, 2017); Planck Collaboration (XLIII) et al. (2016) respectively)(1), the Dust-to-Gas (DtG) ratio estimates(2), radius —
in arcminutes or Megaparsecs — within which the estimate is computed(3), the redshift spanned by the study or the observed cluster(4),
the instrument used to gather data and the relative observed wavelengths or bands(5), and the method employed to extrapolate the
dust estimate (specifically, I120/I180 and I120/I185 are the surface brightness ratio in the FIR; Bkgd. extinction refers to the reddening of
galaxies and quasars located in the background of galaxy clusters)(6).
ing agent; it is instead a heating agent in warm (T ∼ 105K)
media (Montier & Giard 2004). Melin et al. (2018) found
that intermediate redshift (0.3 < z < 0.8) galaxy cluster cat-
alogues could be incomplete up to ∼ 9% due to dust obscura-
tion, with fortunately no substantial impact on cosmological
parameter estimation. Moreover, dust is a tracer of star for-
mation in dense environments (Alberts et al. 2014), making
it a valuable ingredient for probing galaxy cluster formation
(z ∼ 2); proto-clusters are in fact expected to be very dusty
(Clements et al. 2014).
There is no definitive confirmation of the presence of
dust in local galaxy clusters. Stickel et al. (2002) put for-
ward an estimate of a dust-to-gas mass ratio (DtG) for the
Coma cluster of about 10−6; it however found no evidence for
dust in other clusters (A262, A2670, A400, A496, A4038).
Later Kitayama et al. (2009), while finding consistent es-
timates for the Coma cluster DtG, attributes the low dust
abundances to irregular sources fluctuating in the cirrus fore-
ground. Similarly, Bai et al. (2007) found that the emission
from A2029 is indistinguishable from cirrus noise.
Evidence for the presence of dust in clusters if found in
the statistical analysis of large datasets. Chelouche et al.
(2007) and Muller et al. (2008), in the redshift ranges
0.1 < z < 0.3 and z < 0.5 respectively, observed dust ex-
tinction in galaxies and quasars located in the background
of galaxy clusters. Both obtain comparable DtG measures of
a few 10−4, Chelouche et al. (2007) estimates a DtG < 5% of
the typical galactic ISM values; Muller et al. (2008) finds
a dust mass upper limit of 8 × 109M within R200. ICM
dust is mostly distributed in the outskirts of a cluster, as its
signal drops in the very hot ICM closer to the BCG (Che-
louche et al. 2007; Gutie´rrez & Lo´pez-Corredoira 2017). This
same radial dependence is observed by McGee & Balogh
(2010) within z < 0.2. McGee & Balogh (2010) considered
larger radii of 30h−1M from the center of large clusters
(∼ 1014h−1M) and small groups (∼ 1012.7h−1M).
Analysing IR data, Giard et al. (2008) finds more strin-
gent upper limits. On a selection from three galaxy cluster
catalogues (Gal et al. 2003; Montier & Giard 2005; Koester
et al. 2007), Giard et al. (2008) stacked the integrated IR
(Miville-Descheˆnes & Lagache 2005) luminosity (LIR) within
an annulus between 9’ and 18’, in redshift bins up to z < 1.
Their detected emission attributable to dust is not higher
than a DtG of 10−5, after an X-ray-derived star formation
correction.
Roncarelli et al. (2010) is a follow-up to Giard et al.
(2008) on a restricted redshift range of 0.1 < z < 0.3 SDSS-
maxBCG clusters (Koester et al. 2007), for which they mod-
eled (following the prescriptions presented in Silva et al.
1998, according to various morphologies, namely E/S0, Sa,
Sb, Sc and starburst) the 60 and 100 µm IRAS band emis-
sion of the cluster galaxies, to separate the IR emission from
dust in known galaxies from other components such as the
ICM dust. Their estimated total galactic emission is domi-
nated by star-forming late-type galaxies, leading to a derived
DtG . 5 × 10−5.
Planck Collaboration (XLIII) et al. (2016) and Gutie´r-
rez & Lo´pez-Corredoira (2014, 2017) provided some of the
latest estimates on dust content in galaxy clusters. Planck
observes high integrated dust masses of a few 1010M within
a fixed aperture of 15 arcmin, depending on the fitting
parameters for the spectral emission. Gutie´rrez & Lo´pez-
Corredoira (2014) employs an analysis of both background
object extinction and of stacked IR emission to attempt to
disentangle the contribution of dust coming from the ICM
or within cluster galaxies. All these studies, amid uncertain-
ties, detect low yet non-negligible dust abundances that may
impact the interpration of star formation rates (SFR) and
evolutionary models for both galaxies and galaxy clusters.
Sporadic theoretical works have attempted to estimate
ICM dust. Dwek et al. (1990) already predicted that dust
should exist in low abundances far away from the cluster
center (R > 2 Mpc). A decade later, Popescu et al. (2000)
proposed that any IR emission by diffuse ICM dust would
be due to current dust injection in the ICM, and hence it
would indicate the dynamical state and maturity of the clus-
ter. More recently, Polikarpova & Shchekinov (2017) deter-
mined that it would be possible for dust to survive 100-300
Myr by residing in isolated dense and cold gas clouds, ejected
during outflows along with diffuse gas. This would lead to
an ICM DtG of about 1-3% of the typical Galactic values.
Some hydrodynamical simulations and semi-analytical mod-
els (SAMs) of galaxies and galaxy clusters have already in-
cluded dust evolution (e.g., Bekki 2015; Zhukovska et al.
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2016; Popping et al. 2017; Aoyama et al. 2017; McKinnon
et al. 2017; Gjergo et al. 2018; Vogelsberger et al. 2019;
Hu et al. 2019). Among these, Popping et al. (2017) with
SAMs, Gjergo et al. (2018) and Vogelsberger et al. (2019)
with cosmological simulations of galaxy clusters and galax-
ies respectively, treated dust destruction by thermal sputter-
ing in the harsh extragalactic and intracluster environments.
Gjergo et al. (2018) slightly underproduces dust compared
to PlanckXLIII-16, and alleviates the tension by relaxing
the destruction timescale by sputtering. Vogelsberger et al.
(2019) is able to reproduce the Planck results by also re-
laxing the sputtering timescale, and by including also gas
cooling due to dust on high resolution simulations.
In this work we implement an approach previously
tested on gas metals for galaxy clusters by Matteucci & Vet-
tolani (1988) (hereafter MV88). The method consists in inte-
grating chemical evolution models of elliptical galaxies over
luminosity functions (LF) at present time. This approach
successfully predicted that the bulk of the baryonic mass in-
cluding gas metals is produced by galaxies at the break of the
luminosity function (Gibson & Matteucci 1997). We imple-
ment the same technique of MV88, but using dust evolution
models, and we apply it to the entire evolution history of
a typical cluster. The sophisticated dust prescriptions have
been validated in the solar neighborhood, damped Lyman
alpha systems, far away galaxies and quasars, as well as at
cosmic times (Gioannini et al. 2017a,b; Spitoni et al. 2017;
Vladilo et al. 2018; Palla et al. 2019). It is safe to apply
these chemical and dust evolution models on cluster galax-
ies even though the parameters have been calibrated on local
systems. Some studies (e.g., Davies et al. 2019) have shown
that dust properties such as DtG and dust-to-stellar-mass
ratios vary little or not at all in different environments –
such as in the field or in clusters, or in different density
contrasts. Instead, morphology, age, and physical processes
predict the DtG much more stringently.
We differentiate three morphologies: elliptical, spiral,
and irregular galaxies. The dust component residing within
the ISM of galaxies is separated from the other component
ejected in the ICM. On top of the standard Schechter func-
tion (Schechter 1976), we test the behavior of a double LF,
that consists of the sum of two LFs, one for massive galax-
ies, and one for irregular galaxies. The parameters for both
single and double LF follow Moretti et al. (2015), that de-
rived median and average best fits for the full sample of the
WINGS low redshift clusters (Fasano et al. 2006). We let the
LF evolve with redshift following Andreon (2004). We later
test the dependence of dust distribution against the cluster
radial profile.
In Section 2 we overview the relevant observational pa-
pers that investigated the presence of dust in galaxy clusters.
Section 3 describes in detail the methodology employed, in-
cluding a summary of the dust evolution models, the inte-
gration method, as well as redshift-dependence and radial
dependence. In Section 4 we present our predictions of the
dust evolution within a typical galaxy cluster, and we com-
pare it against the latest observations. We show how the
dust evolution would change if it were observed within a
fixed aperture of 15 arcmin, emulating the Planck Collabo-
ration (XLIII) et al. (2016) results, and we present the de-
pendence of dust evolution in clusters on a reasonable range
of parameter values. Finally, our discussion and conclusions
are explained in Section 5
2 OBSERVATIONS OF DUST IN GALAXY
CLUSTERS
A summary of the existing observational literature is pre-
sented in Table 1. In bold are the observational studies ap-
pearing as a comparison in the results section. Some works
investigated individual clusters (e.g., Stickel et al. 1998,
2002; Bai et al. 2007; Kitayama et al. 2009) and some took
a statistical average over large data sets using extinction pri-
marily in the optical bands (Chelouche et al. 2007; Muller
et al. 2008; McGee & Balogh 2010) or through dust IR emis-
sion (Giard et al. 2008; Gutie´rrez & Lo´pez-Corredoira 2014,
2017; Planck Collaboration (XLIII) et al. 2016). Roncarelli
et al. (2010) reconstructed the spectral energy distribution
(SED) of various galactic morphologies using both SDSS and
IRAS data, in order to isolate a galactic SED signal from the
ICM dust.
It is possible to estimate dust abundances either
through its emission in the IR or through its extinction
in UV-optical wavebands. Typically, the emission technique
combines the SED fitting of IR fluxes with the modified
black body temperature (e.g., Hildebrand 1983). Ostriker
& Heisler (1984) pioneered a technique for ICM extinction.
They estimate dust extinction in a given cluster by measur-
ing the flux of objects – galaxies and quasars – located in the
background of the given cluster. The dust-obscured flux is
then compared to a reference flux of similar objects located
at a similar redshift, but in the field, away from clusters.
Employing this method, Ferguson (1993) and Maoz (1995)
found that whatever dust may be contained in the ICM of
galaxy clusters, it should be negligible compared to selec-
tion effects. We compare the Coma cluster dust prediction
by Stickel et al. (2002) to our model in Section 4, and we
take it as the upper limit for dust content in the ICM of
local galaxy clusters.
Dust abundances in the ICM of large cluster samples
at redshift z < 1 are not too well constrained, but most
dust estimates limit the ICM DtG to around 10−5, which is
around 3 orders of magnitude lower than the typical ISM
values. Such low abundances are due to the short dust de-
struction timescales in the hostile ICM environment, which
is permeated with X-ray radiation and highly energetic ions.
Therefore, ICM dust is believed to be of recent origin (e.g.,
Dwek et al. 1990; Clemens et al. 2010) – it is either newly
ejected from galaxies by stellar winds, or stripped from the
galactic ISM by merging events and ram pressure stripping.
Dust is furthermore expected to reside mainly in the out-
skirts of the cluster, where late-type galaxies are dominant,
and where the environment is contaminated by small groups
or residues of past mergerer events. This is corroborated by
cluster dust profile studies (Chelouche et al. 2007; Muller
et al. 2008) in combination with the low dust abundances
observed around cluster centers (Stickel et al. 2002; Bai et al.
2007; Kitayama et al. 2009).
Gutie´rrez & Lo´pez-Corredoira (2014) (hereafter
GLC14) employed two methods on the SDSS-DR9 (Ahn
et al. 2012) sample of galaxy clusters, with a redshift range
0.05 < z < 0.68: the first method is a statistical approach to
MNRAS 000, 1–10 (2019)
4 E. Gjergo et al.
extinction. Their prediction for total dust mass averages to
Mdust < 8.4 × 109M within a cluster radius of 3 Mpc. The
second method is an emission estimate of the contribution
of galaxy clusters to the FIR sky from optical extinction
maps. This second method leads to a lower prediction of
∼ 2×109M. The conservative DtG upper limit from the two
methods combined is ∼ 8× 10−5. Later, GLC14 was followed
up through the Herschel HerMES project by Gutie´rrez &
Lo´pez-Corredoira (2017) (hereafter GLC17). The cluster
selection sample was of 327 clusters. GLC17 breaks down
the estimates according to the observed frequency (250,
350, and 500 µm) the aperture ranging from 1 to 5 arcmin,
three redshift bins (0.05–0.24, 0.24–0.42, 0.41–0.71) and two
cluster mass bins (< 1014M and > 1014M). We compare
our theoretical predictions to a selected sample of GLC17
data, in particular to the three redshift bins for the massive
cluster sample measured through the 350 µm channel, for
arcmin 1’ and 5’.
Planck Collaboration (XLIII) et al. (2016) (hereafter
PlanckXLIII-16) considered a selection of 645 clusters within
a redshift of z < 1. For these clusters, they combined the
Planck-HFI maps (6 beams, 100 to 857 GHz) with the IRIS
(Miville-Descheˆnes & Lagache 2005) maps (60 and 100 µm),
they then integrated the stacked signal for each beam out to
an aperture of 15 arcmin. Fixing the aperture radius implies
that for more distant clusters, more of their outskirts is in-
cluded in the analysis. They hence fit these 7 data points to
the IR SED dust emission, following the approach prescribed
in Hildebrand (1983). It is to be noted that PlanckXLIII-16
ignores IRAS data at 60µm in the SED fit, because at this
wavelength the contribution by small grains not at thermal
equilibrium becomes prominent. For the full sample, each
cluster is estimated to have a dust mass within 15 arcmin
of around 1010M, with small variations depending on the
choice of emissivity index β. The full sample is split in two
redshift bins and two mass bins. The redshift bins are di-
vided at z = 0.25, with 0.34±0.17×1010M for the low z and
2.56±0.91×1010M for the intermediate z. The mass bins are
divided at M200 = 5.5×1014M. In this case, the less massive
clusters have on average a dust mass of 0.21± 0.14× 1010M
and the more massive clusters fair at 3.48 ± 0.99 × 1010M.
We consider the full sample and the two subsample split
according to redshift bins.
3 METHOD
3.1 Modeling dust in galaxy clusters
In order to compute the total amount of dust produced and
ejected by galaxies in the ICM, we follow the method pro-
posed in MV88, in which they quantify the total abundance
of a certain chemical species i within a galaxy cluster at
present time. To do so, they integrate monolithic chemical
evolution models of galaxies over the Schechter Luminosity
function (Schechter 1976). From chemical evolution models
of early-type galaxies (i.e. Matteucci & Tornambe 1987) –
assumed to be the main metals producers in clusters – MV88
obtains the relation between the mass of a chemical species
Mi within a galaxy as a function of the total galaxy mass
MG :
Mi (t) = Ei (t)MG βi (t) (1)
Where Ei and βi are fit parameters for each chemical
species i, interpolated over chemical evolution models ran for
a range of galaxy masses MG = 109M to 1012M. For the
considered morphologies, the fits Ei and βi are stable. Equa-
tion 1 is then used as the weight function on the continuous
number distribution of galaxies within clusters, so that by in-
tegrating the weighted distribution, MV88 obtains the total
mass of the chemical species within a given cluster. The most
reasonable choice for a distribution is the Schechter Lumi-
nosity Function (Schechter 1976), Φ (L) = n∗(L/L∗)α e−L/L∗ ,
where L∗ is the luminosity of a galaxy at the break of the
Schechter Function, n∗ is a measure of the cluster richness,
and α is the dimensionless steepness of the power law. Be-
fore weighing Φ(L), MV88 converts Equation 1 to a func-
tion of luminosity by normalizing the relation to the re-
spective quantities at the break of the Schechter function:
Mi/M∗i =
(
MG/M∗G
)βi
= (L/L∗)βi , with M∗i being the mass of
the chemical species i produced by the galaxy at break, and
M∗
G
is the break galaxy mass. MV88 takes a mass-to-light ra-
tio K of 5, and then tests variations up to 30. The integrand
then takes the form of (L/L∗)βiΦ (L) = (L/L∗)βi+α e−L/L∗ ,
which can be integrated as an upper incomplete Gamma
function Γ(a, x) =
∫ ∞
x
ta−1 e−t dt, where x is the lower limit of
the integral. The mass of a chemical species within a galaxy
cluster can therefore be expressed by:
Mi
(
> MG,min
)
= fellM
∗
i n
∗Γ(1 + βi + α, Lmin/L∗) (2)
Lmin is the lowest luminosity observed in a given cluster and
MG,min is its corresponding lowest galaxy mass. fell is the
fraction of early-type galaxies in the cluster. Further details
on the methodology can be found in MV88.
We follow this same procedure, but we apply it to dust
evolution models and we extend it spiral and irregular galaxy
morphologies. We also apply it on the entire evolutionary
history of the cluster.
We investigate beyond the original Schechter (1976)
luminosity function. In Moretti et al. (2015) the double
Schechter Function (e.g., Popesso et al. 2006) is presented as
the best fit to the WIde-field Nearby Galaxy-clusters survey
(WINGS, Fasano et al. 2006). The function has the form
of:
Φ(L) ∝ Φb+
L∗
b
L∗
f
Φ f =
(
L
L∗
b
)αb
e−L/L
∗
b +
L∗
b
L∗
f
(
L
L∗
f
)αf
e−L/L
∗
f (3)
Where Φb and Φ f are single Schechter functions cali-
brated on the bright end (b) and on the faint end ( f ) of
the luminosity function. Each of Φb and Φ f have their own
bright and faint break point, identified with respective break
luminosities L∗
b
and L∗
f
and power law coefficients αb and
αf . We weight spiral and elliptical galaxies with the bright
component, and dwarf irregular galaxies with the faint com-
ponent. This double luminosity function, by steepening its
slope at fainter luminosities, predicts the existence of more
dwarf irregular galaxies than the normal one-slope Schechter
function, thus allowing a larger production of intracluster
dust from these galaxy types. The slightly less steep slope
MNRAS 000, 1–10 (2019)
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fell α n
∗ Mag∗V
0.82 -1.15 115 -21.30
M I rrmin M
Spi
min M
Ell
min
107M 109M 109M
M I rrmax M
Spi
max M
Ell
max
1010M 5 × 1011M 1012M
Table 2. Fiducial model parameters from the single luminos-
ity function, consistent with the median found by Moretti et al.
(2015) on the full WINGS cluster sample. On the top row, fell
is the fraction of galaxies that are early-type. α is the slope of
the single luminosity function. n∗ is the richness. MagV ∗ is the
V-band magnitude identifying the break luminosity. The second
and third rows are the lower (Mmin) and upper (Mmax ) mass
limits for irregular, late-type, and early-type galaxies (Irr, Spi,
Ell).
αb αf Mag
∗
V ,b
Mag∗
V , f
-0.97 -0.6 -21.15 -16.30
Table 3. Fiducial model parameters from the double LF, con-
sistent with the median found by Moretti et al. (2015) on the
full WINGS cluster sample. The subscripts b and f represent the
bright and faint end of the double LF respectively.
for αb compared to α will also produce lower integrated dust
masses for brighter galaxies.
The parameters α for the single LF (or αb and αf for the
double LF) and L∗ (or L∗
b
and L∗
f
) are unique for individual
clusters. The plots in Section 4 are calibrated to the WINGs
(Moretti et al. 2015) median parameters unless otherwise
specified: α = −1.15 (or αb = −0.97 and αf = −0.6 for the
double LF). The median V-band break magnitude is Mag∗V =−21.30 (or -21.15 and -16.30 for the bright and faint end of
the double LF). We take the Hubble constant to be H0 =
70 km s−1 Mpc−1. fell = 0.82 (Melnick & Sargent 1977)
and n∗ = 115 (within 2.85 Mpc, Oemler 1974) as in the
Coma cluster. We do not test other well-known local clusters
because whatever dust they may contain, it is lower than
the cirrus foreground and therefore undetectable to us (Wise
et al. 1993; Bai et al. 2007, including Virgo, and a selection of
Abell clusters). We later test the dependence of our method
on the upper and lower mass integration limits.
We expand on what proposed by MV88 primarily by
testing if the method is applicable to dust evolution mod-
els, then by analyzing other morphologies on top of elliptical
galaxies, and by extending the method to the entire evolu-
tion history of the cluster. The integrals for elliptical and
spiral galaxies both have lower galaxy mass limits MG,min
of 109M. Ellipticals have a higher mass limit MG,max of
1012M, spirals a MG,max of 5×1011M. We call fell the ellip-
tical fraction, and the fraction of spiral galaxies is taken to be
fspi = (1 − fell). Spiral galaxies are integrated from 109M
to 5 · 1011M, while dwarf irregular galaxies are integrated
from 1×107M to 1010M. These mass ranges limits in agree-
ment with the WINGs magnitude limits of Magmin ' −15.5
(Moretti et al. 2015). These values are summarised in Table
2. In a mass range < 109M, we assume that only dwarf
irregular galaxies exist, i.e. firr = 1. For the purposes of this
study it is sufficient to consider only these three main mor-
phologies. For simplicity, we assume that all morphological
types start evolving at the same time at high redshift (z ∼ 5).
Our computation assumes a luminosity function that varies
with time according to Andreon (2004), as explained in the
next Subsection 3.2.
3.2 Scaling of the Luminosity Function with
redshift
To estimate the redshift dependence of the LF, we follow
Andreon (2004). They derive that, if the redshift-dependent
LF slope αz and the magnitude at the break of the Schechter
function Mag∗z were allowed to change with redshift, the LF
would take the form:
φ = φ∗100.4(αz+1)(Mag
∗
z−Mag) e−10 exp [0.4(Mag∗z−Mag)] (4)
(5)
Where:
αz = α0 − Pz (6)
Mag∗z = Mag∗0 −Qz (7)
P and Q are the two parameters that determine the
time-dependence. We take P = −1 and Q = 1. Our
time-dependent Gamma function that computes the time-
dependent integrated luminosity function then becomes:
Md
(
z
 > MG,min) = fXM∗dn∗Γ (1 + βd + α + z, 10−0.4z LminL∗ )
(8)
Where fX stands for the elliptical, spiral, or irregular
fraction as necessary. The time-dependence of the Schechter
slope αz and the break galaxy magnitude Mag
∗
z are hence
implemented through the addition of z to the slope of the in-
complete upper gamma function, and multiplying the lower
limit by 10−0.4z .
3.3 Scaling of the Luminosity Function with
radius
The calculation presented in Section 3.1 is valid for a
Schechter function contained within R200. The LF fits pro-
vided in Moretti et al. (2015) are valid within 0.5R200; how-
ever, the shape of the Schechter function does not vary from
0.5 − 1R200 (Annunziatella et al. 2017), the only parameter
that should be appropriately selected in the cluster richness
n∗. However, we will need to calculate the integrated dust
mass at radii larger than R200. We are not interested in a
profile at smaller radii as our goal is to compute the total
dust cluster mass. In order to rescale our integral to larger
radii we take advantage of the NFW model (Navarro et al.
1996). The mass contained within a radius t = r/rs is given
by:
Mscaled = Mvir
ln (1 + t) − t/(1 + t)
ln (1 + c) − c/(1 + c) (9)
rs is the scale radius; in the case of a comparison to
PlanckXLIII-16 it corresponds to 15 arcmin. rs is a function
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of redshift. We assume that the virial mass Mvir is roughly
represented by M200. The concentration c is c ∼ 4 for a
general early-type dominated cluster profile, and c = 0.85
for late-type galaxies (Table 2, Cava et al. 2017).
3.4 Chemical evolution models and dust
prescriptions
As explained earlier in Section 3.1, we follow the same proce-
dure of MV88, but we consider the total dust mass produced
instead of a single element i – i.e., Equation 1 is a fit on dust
evolution models.
To reproduce Mdust in a cluster, we adopt detailed
chemical evolution models for galaxies including dust evolu-
tion (see Gioannini et al. 2017a, for further details). These
models are built for galaxies of different morphological types
(e.g., Vladilo et al. 2018; Palla et al. 2019). In this scheme,
we assume that galaxies form by an exponential infall of
gas on a preexisting dark matter halo: the evolution of an
element k within a galaxy then takes the following form:
ÛGk (t) = −ψ(t) Xk (t) + Rk (t) + ÛGk,in f (t) − ÛGk,w(t) (10)
where Gk (t) = G(t) Xk (t) is the mass of the element k in
the ISM, normalized to the total mass; Xk (t) is the fraction
of the k-th element at time t. ψ(t) is the star formation rate
(SFR), i.e. the amount of ISM turning into stars per unit
time, which is the main term in driving the different chem-
ical evolution in different galaxy types. Rk (t) represents the
returned fraction of an element k that a star ejects into the
ISM through stellar winds and supernova (SN) explosions,
whereas ÛGk,in f and ÛGk,w account for the infall of gas and
for galactic winds, respectively.
At the same time, models follow in detail the various
processes that influence dust evolution. For a specific ele-
ment k in the dust phase, we have:
ÛGk,dust = −ψ(t) Xk,dust (t) + δk Rk (t) + Gk,dust (t)/τk,accr+
−Gk,dust (t)/τk,destr − ÛGk,dust,w(t)
(11)
where Gk,dust and Xk,dust are the same of Equa-
tion (10), but for only the dust phase. This last equa-
tion takes into account dust production from AGB stars
and core-collapse SNe (δk Rk), accretion in molecular
clouds (Gk,dust/τk,accr ), and destruction by SNe shocks
(Gk,dust/τk,destr ).
To compute the terms, we adopt detailed prescriptions
from literature. For the condensation efficiencies δk , i.e. the
fraction of an element expelled by stars in the dust phase, we
use prescriptions reported by Piovan et al. (2011), whereas
for the processes of accretion and destruction, we adopt the
metallicity-dependent timescales τk,accr and τk,destr from
Asano et al. (2013). We generally assume that Type Ia SNe
do not produce dust (Nozawa et al. 2011), but we test also
the possibility of dust production assuming the prescrip-
tions of Calura et al. (2008) in elliptical galaxies. This is
motivated by the fact that some studies have observed a
minimal amount of dust in elliptical galaxies (e.g., Clemens
et al. 2010; di Serego Alighieri et al. 2013), and Type Ia SNe
are the only potential producers of dust in this morphology
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Figure 1. Total dust masses in a Coma-like cluster of galax-
ies. Elliptical, spiral, and dwarf irregular galaxy contributions are
shown individually (brown, blue, and green lines) as are the ISM
components within the galaxies (dashed lines) and the compo-
nents ejected in the ICM (solid lines). All models begin their evo-
lution 1.2 Gyr after the Big Bang (or z ∼ 5). The orange ’X’ is the
PlanckXLIII-16 subsample at low redshift, whose average cluster
mass is M200 = 4.3 × 1014M. The pink and purple downward ar-
rows are data from GLC17 in the 350 µm beam within a radius
of 5 arcmin (pink) and 1 arcmin (purple). The three redshift bins
centered around z = 0.173, 0.338, and 0.517 include clusters with
masses > 1014M. In red is the dust estimate from Stickel et al.
(2002) for the Coma cluster.
after quenching. The Quasar dust contribution has also been
excluded from the computation, given that it was shown in
Pipino et al. (2011) that the Quasar dust production is neg-
ligible compared to the elliptical dust budget.
We then apply thermal sputtering to the dust com-
ponent ejected from galaxies into the ICM, as prescribed
in Tsai & Mathews (1995). Assuming a fixed grain size
of 0.1µm, the initial sputtering timescale is taken to be
τsp = 5.5×107 yr, as derived by Gjergo et al. (2018). Specifi-
cally, the dust mass differential varies as: ÛMdust = Mdust/τsp.
4 RESULTS
The evolution of the dust masses obtained by the procedure
outlined in Section 3 can be seen in Figure 1. All the param-
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eters are calibrated according to the Coma cluster, whose
M200 ' 5.1+4.3−2.1×1014M1 with R200 = 1.6 Mpc (Gavazzi et al.
2009). The top and bottom plots integrate dust masses ac-
cording to the single and double luminosity function within
R200, respectively. There are the three galactic morpholo-
gies considered in this study: ellipticals, spirals, and dwarf
irregular; they are shown respectively in brown, blue, and
green. The component within the galaxy (denoted by the
ISM label) and the component ejected into the extragalactic
medium (denoted by the ICM label) are plotted separately
for each of the three morphologies, in dashed and solid lines
respectively.
The dominant component for both luminosity functions
is the ISM dust in spirals, in agreement with the interpre-
tation proposed by Roncarelli et al. (2010) that late-type
galaxies should dominate the overall dust IR emission in
galaxy clusters. We confirm this conclusion through our
optically-calibrated model (in the V-band). Three dex lower,
the second most abundant dust component is the one in-
jected into the ICM by spiral galaxies. The ISM component
by dwarf irregulars is the most affected by the choice of
luminosity function. In the case of the double luminosity
function, dust within irregular galaxies reaches similar clus-
ter abundances to the dust ejected into the ICM by spiral
galaxies. For elliptical galaxies, our ISM component disap-
pears as soon as stellar winds ignite. All their gas is ejected
into the ICM. With the double LF, the dust mass ejected
into the ICM by spiral galaxies becomes comparable to the
mass residing within the ISM of irregular galaxies.
As expected, the choice in luminosity function does not
affect significantly the most massive galaxies, in particular
the late-type galaxies. However, the dust mass contributed
by irregular galaxies can vary up to 2 dex. Both the ISM
and ICM components of spiral and elliptical galaxies remain
largely unvaried by the choice of the LF. There is a mini-
mal but steady dust mass loss within the ISM of late-type
galaxies after the peak at an age of ∼ 4 Gyrs.
The observational data included are: the low-redshift
PlanckXLIII-16 bin with average cluster mass of 〈M200〉 =
4.3×1014M and average redshift 〈z〉 = 0.139 (orange cross);
the GLC17 data in the 350µm channel within 5 arcmin (pink
downward arrow) and 1 arcmin (purple downward arrow),
applied to the three redshift bins of the cluster sample with
virial masses > 1014M; we also include the Stickel et al.
(2002) estimate for the Coma cluster (pink dash). This lat-
est value, while near the cirrus foreground noise (Kitayama
et al. 2009), is a good upper limit for our predictions, for
both the single and double LF. All morphologies begin their
evolution 1.2 Gyr after the Big Bang, corresponding to z ∼ 5,
the assumed redshift of galaxy formation. Within ∼ 2 Gyr
since galactic birth, the overall ISM of cluster galaxies con-
tains about 3× 109M in dust mass for a massive Coma-like
cluster.
In elliptical galaxies, a few hundred Myr after birth, the
ignition of stellar winds depletes most of the gas reservoir,
halting star formation. Therefore, from that point onward,
ellipticals will not host Core Collapse SNe, and consequently
1 M200 (R200) is the mass enclosed by (radius that encloses) a
sphere whose mean density is 200 times the critical density at the
given redshift.
2 4 6 8
Lookback time [Gyr] 
8
9
10
11
Lo
g
 M
d
u
st
<
1
5
′ δ 
[M
¯
]
Planck z > 0. 25
Planck tot
Planck z < 0. 25
10.1
Redshift
double
single
Figure 2. We reconstruct the dust evolution of a Coma-like clus-
ter, as it would be seen across a fixed aperture of 15 arcmin.
Points: The average Planck dust mass measured within 15 ar-
cmin of a stacked cluster sample binned by redshift (PlanckXLIII-
16) – The full square is the full sample (M200 ' 5.6 × 1014M).
The full diamond is the nearby bin of average mass M200 '
4.3 × 1014M, the hollow diamond is the distant bin (M200 '
7.0×1014M). Lines: dust mass integrated within the single (solid
line) and double (dashed line) luminosity function, scaled with
redshift and to a radius of 15’, to achieve consistency with Planck.
no dust will be produced through this channel. In our model,
after gas depletion by stellar winds, dust is produced primar-
ily by Type Ia SNe and also marginally by AGB winds.
The issue of dust production by Type Ia SNe is con-
tentious. Several theoretical studies (e.g., Nozawa et al.
2011) suggest that, while SNIa may yield some dust mass,
this dust will not survive until ISM injection, due to SN
shock destruction. Gomez et al. (2012) provide, to our
knowledge, the only observational evidence of dust around
what are believed to be two SNIa remnants, the Tycho and
Kepler remnants, exploded 4 centuries ago. The upper limit
of their dust production does not exceed 3 to 8×10−3M per
event. This dust however may be wiped out by the super-
nova shock within the next million year. In our model, no
dust survives within elliptical galaxies after a few hundred
Myr from its production, because most of their gas is wiped
outside the galaxy via the ignition of galactic winds which
blocks star formation and consequently Core Collapse SNe.
The dust that is produced is carried de facto instantaneously
in the extragalactic medium. The ICM component in ellipti-
cal galaxies exists exclusively because we assume a maximal
dust production by Type Ia Supernovae (SNIa) (according
to the prescriptions by Calura et al. 2008).
The data points in Figure 2 are taken from
PlanckXLIII-16. The middle full square is the dust mass
estimate from the whole sample of 645 stacked clusters in
redshift range 0.01 < z < 1.00. The other two points are
the redshift bins of two subsamples at z ≤ 0.25 with 307
clusters (full diamond), and at z > 0.25 with 254 clusters
(hollow diamond). The curves trace the evolution of our in-
tegration method, scaled by redshift (Section 3.2) and by
radius (Section 3.3) in order to consider the same volume
observed and stacked by Planck. The results are fairly con-
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sistent with the data. The radial dependence on aperture is
preserved only until a redshift of about z = 0.1, Below this
redshift, 15 arcmin span an angular size which is smaller
than R200 and therefore not representative of the integrated
cluster dust we are interested in. In fact, at late times the
curve assumes a flat profile as in Figure 1. Most of the up-
ward trend of dust masses at higher redshift is due to the
larger physical area included in the integrated stacked sig-
nal observed by (PlanckXLIII-16). At even higher redshifts,
and larger apertures, our model predicts less mass. In the
real world, larger radii would intersect the presence of other
clusters, and therefore this trend is not expected to fall as
ours does. Our decrease is partly due to the fact that larger
radii does not provide us significant galaxy number gain in
the NFW profile, and partly due to the decrease predicted
by our redshift-dependent prescription. At this scale we can
better appreciate the difference between the two dust evo-
lutions computed according to the single and double LF.
The double LF, while increasing dust abundances by 2 dex
for irregular galaxies, has a smaller bright break point mass
(6.04 × 1010M against the 6.94 × 1010M for the single LF,
Moretti et al. 2015). This difference, combined with the dif-
ferent LF parameters, produces about half less dust than
through the single LF integration.
In Figure 3 we plot the dependence of the dust mass
evolution on the choice of parameters for the single LF. The
shown parameters are the slope of the single LF α, the frac-
tion of elliptical galaxies on the overall number of galax-
ies fell , the cluster richness n∗, the mass-to-light ratio K,
The upper limit for the mass integration of spiral galaxies
Mmax,sp, and its lower limit Mmin,sp. The dashed blue line is
the fiducial line from Figure 1. As seen before, spiral galax-
ies are the dominant contributors to the overall cluster mass.
However, their upper and lower integration limits little af-
fect the overall evolution of the cluster dust mass (center and
right lower plots). Of minimal influence is also the shape of
the power law component α of the luminosity function.
The curve is mostly affected by the richness of the clus-
ter n∗ and by the choice in mass-to-light ratio K, hence on
the break luminosity L∗ of the Schechter function. The break
mass is defined as M∗ = h2K ∗ 10−0.4(Mag∗−Mag) (MV88).
As Mag∗ and Mag are fixed — the first is the median taken
from the WINGS galaxy sample Moretti et al. (2015) and
the second is 4.83 for the V band — in our model the mass
at the break of the luminosity function only depends on K.
The typical K values in early-type galaxies range from ∼ 5
to ∼ 13, while in late-type galaxies it is between 5 and 10
(De Masi et al. 2019). For consistency and comparison with
MV88, we also consider the extreme case where K = 30.
As the final dust mass depends linearly on K, fell , and n∗,
the plotted values show the possible variations we expect to
observe in clusters. The richer and younger the cluster, the
more dust there is. For equal masses, K = 10 will mean galax-
ies are half as bright as those at K = 5. It is worth noting
that we also tested these predictions for a double Schechter
luminosity function and found negligible differences.
5 DISCUSSION AND CONCLUSIONS
In this paper we computed detailed a dust evolution in galax-
ies of different morphological type (ellipticals, spirals and
irregulars) by following the prescriptions of Gioannini et al.
(2017a,b). Then we apply the method developed by MV88
to integrate the different galactic dust contributions over a
simple and double Schecther luminosity functions (applying
the median WINGS parameters as in Moretti et al. 2015)
in galaxy clusters. We aimed to predict the total amount of
dust expected inside galaxy clusters and to understand the
different contributions to dust by galaxies of different mor-
phological type. We eventually compared our results with
the available data.
Our main conclusions are:
• In spite of the fact that early type galaxies (ellipticals)
are the dominant morphological type in a cluster, they con-
tribute negligibly to the present time amount of dust in clus-
ters, confirming the estimates by Roncarelli et al. (2010).
This conclusion holds even if we assume a strong dust pro-
duction by Type Ia SNe, which are however not likely dust
sources (Nozawa et al. 2011).
• Dust within spirals accounts for most of the dust con-
tained within clusters. Dust in the ICM is at around 3 dex
less abundant than the total cluster dust mass. In the case of
the double luminosity function, dust ejected into the ISM by
spirals is comparable in mass to the one contained in the ISM
of irregulars, and they are largely consistent with the dust
abundance upper limits measured in the ICM Stickel et al.
(2002); Kitayama et al. (2009); Bai et al. (2007). Therefore,
both components are should be considered.
• Introducing the double Schechter function (Popesso
et al. 2006; Moretti et al. 2015), which favor dwarf irreg-
ular galaxies, reduces the gap between spiral galaxies and
irregular, however the need for a less steep bright slope for
the Schechter function overall reduces the abundance of dust
by a factor of 2 to 3.
• We found that in our adopted method to compute the
total dust mass in clusters, there is little dependence on
the integration limits, and much greater dependence on the
mass at the break of the Schechter luminosity function. This
confirms previous results from MV88 which applied the same
method to compute the amount of Fe and α-elements in
clusters. However, in that case the metals in the ICM are
mainly produced by elliptical galaxies.
• The most important parameters of our model are: n∗,
fell and K = M∗/LB. Our result concerning the lack of dust
from ellipticals is robust since no variation of these param-
eters could affect it.
• We estimate that a typical cluster should have around
109M in total dust mass, mainly residing within its spiral
galaxies. Dust mass in the ICM of a cluster should not exceed
a few 106M.
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